Abstract-The association between insulin resistance and insulinemia and hypertension is controversial. We examined the relation between insulin resistance and hypertension in 564 non-Hispanic whites (NHW), 505 Hispanics (H), and 413 African Americans (AA) who participated in the Insulin Resistance Atherosclerosis Study (IRAS). Insulin sensitivity was measured with a frequently sampled intravenous glucose tolerance test with minimal model analysis. The prevalence of hypertension was 32.5%, 49.4%, and 32.3% in NHW, AA, and H, respectively (PϽ0.001). When subjects without diabetes in all ethnic groups were combined, age, male sex, race (AA), body mass index (BMI), and insulin resistance, but not fasting insulin, were significantly associated with hypertension. When each ethnic group was analyzed separately, insulin resistance was significantly associated with hypertension in NHW and H, but not AA. After excluding subjects taking antihypertensive medications, male sex, BMI, fasting glucose, and insulin resistance, but not fasting insulin, were significant determinants of blood pressure. When the 3 ethnic groups were analyzed separately, insulin resistance was significantly associated with blood pressure in H, but not NHW, or AA. Neither insulin resistance nor fasting insulin was significantly associated with hypertension or blood pressure in subjects with diabetes of the 3 ethnic groups after adjusting for age, sex, BMI, and waist. In conclusion, insulin resistance, but not insulinemia, was related to hypertension and blood pressure in subjects without diabetes, but ethnic differences in these relations appear to exist. Neither insulin resistance nor insulinemia was related to hypertension or blood pressure in patients with type 2 diabetes in the 3 ethnic groups. Key Words: insulin resistance Ⅲ insulin Ⅲ hypertension Ⅲ blood pressure Ⅲ diabetes I n 1966, Welborn and colleagues 1 described hyperinsulinemia in normoglycemic patients with hypertension and suggested that these subjects could be insulin resistant. Two decades later, Ferrannini et al 2 confirmed this observation by showing that lean white hypertensive patients had lower insulin-mediated glucose disposal than normal controls. It has been hypothesized, therefore, that insulin and/or insulin resistance could contribute to the pathogenesis of hypertension. 3 Insulin was shown to stimulate the sympathetic nervous system, increase renal sodium retention, modulate cation transport, and induce vascular smooth muscle hypertrophy (reviewed in Reference 4 ). It is plausible that insulin resistance through the concomitant compensatory hyperinsulinemia could contribute to the pathogenesis of hypertension by one or more of these mechanisms. Nonetheless, acute insulin infusion was found to have a vasodilator hypotensive rather than a hypertensive effect. 5, 6 To reconcile these discrepant observations, it was proposed that insulin resistance might lead to hypertension because of diminished insulin-induced vasodilation and an imbalance between its pressor and depressor effects. 7 Although a large number of studies examined the relation between insulinemia and hypertension and/or blood pressure (BP), the results have been inconsistent with some reporting strong and others weak, or no association. 8 -19 A smaller number of studies measured insulin resistance directly, mostly in small groups of subjects with still conflicting results. 20 -27 Herein, we describe the relation between insulin resistance and hypertension in a large triethnic population that participated in the Insulin Resistance Atherosclerosis Study (IRAS). Insulin sensitivity was measured directly with the insulin-modified frequently sampled intravenous glucose tolerance test (FSIGT) with minimal model analysis (MINMOD) in 1482 subjects.
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n 1966, Welborn and colleagues 1 described hyperinsulinemia in normoglycemic patients with hypertension and suggested that these subjects could be insulin resistant. Two decades later, Ferrannini et al 2 confirmed this observation by showing that lean white hypertensive patients had lower insulin-mediated glucose disposal than normal controls. It has been hypothesized, therefore, that insulin and/or insulin resistance could contribute to the pathogenesis of hypertension. 3 Insulin was shown to stimulate the sympathetic nervous system, increase renal sodium retention, modulate cation transport, and induce vascular smooth muscle hypertrophy (reviewed in Reference 4 ). It is plausible that insulin resistance through the concomitant compensatory hyperinsulinemia could contribute to the pathogenesis of hypertension by one or more of these mechanisms. Nonetheless, acute insulin infusion was found to have a vasodilator hypotensive rather than a hypertensive effect. 5, 6 To reconcile these discrepant observations, it was proposed that insulin resistance might lead to hypertension because of diminished insulin-induced vasodilation and an imbalance between its pressor and depressor effects. 7 Although a large number of studies examined the relation between insulinemia and hypertension and/or blood pressure (BP), the results have been inconsistent with some reporting strong and others weak, or no association. 8 -19 A smaller number of studies measured insulin resistance directly, mostly in small groups of subjects with still conflicting results. 20 -27 Herein, we describe the relation between insulin resistance and hypertension in a large triethnic population that participated in the Insulin Resistance Atherosclerosis Study (IRAS). Insulin sensitivity was measured directly with the insulin-modified frequently sampled intravenous glucose tolerance test (FSIGT) with minimal model analysis (MINMOD) in 1482 subjects.
Subjects and Methods

Subjects
Details of subject recruitment and study protocol were described. 28 In brief, the IRAS included 1625 subjects who were studied at 4 clinical centers at Oakland and Los Angeles, Calif; San Luis, Co; and San Antonio, Tex. Clinical centers in California enrolled nonHispanic whites (NHW) and African-Americans (AA) from Kaiser Permanente, a nonprofit health maintenance organization. Those in San Antonio, Tex, and San Luis Valley, Co, studied NHW and Hispanics (H) recruited from two ongoing population-based studies (San Antonio Heart Study and the San Luis Valley Diabetes Study), respectively.
The study aimed to include equal numbers of subjects in different categories of glucose tolerance (normal glucose tolerance [NGT] , impaired glucose tolerance [IGT] , and type 2 diabetes) according to the 1985 World Health Organization criteria. Therefore, subjects with IGT and type 2 diabetes were oversampled. Insulin-treated patients with diabetes and those with a fasting glucose Ͼ16.7 mmol/L were excluded. The final IRAS cohort included 721 men and 904 women aged 40 to 69 years; 614 NHW, 548 H, and 464 AA. There were 720 subjects (44%) with NGT, 369 (23%) with IGT, and 537 (33%) with type 2 diabetes. The current analysis includes 1482 subjects in whom insulin sensitivity was measured.
The IRAS examination required 2 visits, Ϸ1 week apart. Participants were asked to fast for 12 hours before each visit and to abstain from heavy exercise and alcohol for 24 hours and from smoking the morning of each visit. An oral glucose tolerance test (OGTT) was performed with a 75-g glucose load in the first visit. An insulinmodified FSIGT was done in the second visit for the determination of the insulin sensitivity index (S I ) with the computer program MINMOD. 29 An injection of insulin was used to ensure adequate plasma insulin levels for the accurate computation of insulin resistance across a broad range of glucose tolerance. 30 -32 BP was measured during each visit with a mercury sphygmomanometer before the OGTT and the FSIGT. A standardized protocol in which the appropriate cuff size was used depending on the arm circumference was followed. Three measurements were taken 5 minutes apart in the right arm in the sitting position after 5 minutes of rest. The average of the second and third measurements was taken as the participant's BP during each visit. The average BP of the two visits is used in this analysis. Mean BP (MBP) was calculated as 0.33ϫsystolic BP (SBP)ϩ0.66ϫdiastolic BP (DBP 
Statistical Analysis
Data are expressed as meansϮSE or as means with 95% confidence interval (Cl). Insulin levels and S I values were log-transformed to normalize the distribution. The log of S I ϩ1 was used in the analysis because of the existence of zero S I values. Statistical analyses were performed with programs of SPSS, Inc. One-way ANOVA and 2 tests were used to compare continuous and categorical variables, respectively, among the 3 ethnic groups. Two-way ANOVA was used to evaluate the effects of ethnicity and hypertension on different variables. The sample size provided more than 90% to detect differences in fasting and 2-hour insulin concentrations and S I in the subjects without diabetes by race and hypertension status at a significance level of 0.05. For the subjects with diabetes, the sample size provided Ͻ60% power to detect significant differences in these variables. The Tukey method was used for multiple comparisons. Logistic regression analysis was used to evaluate the relation between different variables and hypertension. Linear regression and/or Pearson product moment correlations were used to evaluate the relation between BP and different variables. The sample size of subjects without diabetes provided 80% power to detect a correlation coefficient of 0.11 in the 3 ethnic groups combined (0.16 in whites, 0.22 in AA, and 0.18 in H) at a significance level of 0.05. The sample size of subjects with diabetes provided 80% power to detect a correlation coefficient of 0.18 in the 3 ethnic groups combined (0.29 in whites, 0.37 in AA, and 0.28 in H) at a significance level of 0.05.
Results
Glucose Intolerance, Obesity, and Hypertension
The prevalence of hypertension was 32.5% in NHW, 49.4% in AA, and 32.3% in H (PϽ0.001). Hypertension was more common in subjects with type 2 diabetes, followed by IGT, and then NGT in each ethnic group ( Figure 1 ). Controlling for age and sex, both overall and central adiposity were significantly associated with hypertension in individuals without diabetes in the 3 ethnic groups. In subjects with diabetes, hypertension was significantly associated with BMI in NHW (Pϭ0.01) and H (Pϭ0.04) but not in AA, after adjusting for age and sex. The prevalence of hypertension tended to increase with the waist circumference in subjects with diabetes controlling for age and sex, but the association was statistically significant only in H (Pϭ0.01). Logistic regression analysis of subjects with and without diabetes combined showed that race, age, BMI (or waist circumference), and glycemia were significantly associated with hypertension. Adjusting for age, sex, BMI, and glycemia, the prevalence of hypertension was higher in AA than in NHW (odds ratio: 2.35; 95% CI: 1.67 to 3.30) and H (odds ratio 2.96; CI: 1.82 to 4.81), but there was no difference between H and NHW. An increase in 2-hour plasma glucose of 1 mmol/L was associated with a 5% increase in the likelihood of having hypertension (CI 2.7 to 7.1%), controlling for the other variables.
Insulinemia, Insulin Resistance, and Hypertension in Subjects Without Diabetes
Hypertensive subjects without diabetes were older and had significantly higher BMI, waist circumference, and fasting and 2-hour post-load plasma glucose and insulin concentrations and lower S I than their normotensive counterparts (Table 1) . After adjusting for age, sex, BMI, and waist, differences in fasting insulinemia between hypertensive and normotensive subjects remained significant only in H and those in S I in NHW and H. The prevalence of hypertension increased with fasting insulinemia. This association was significant in NHW and Hispanics (PϽ0.01 for linear trend), but not in AA (Pϭ0.16). After adjusting for age, sex, BMI, and waist, insulinemia was significantly associated with hypertension only in H (Pϭ0.001). Similarly, the prevalence 
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of hypertension was higher at lower S I values in all ethnic groups (PϽ0.05 in each), but this association remained significant only in H (Pϭ0.02) after controlling for age, sex, BMI, and waist ( Figure 2 ). When subjects without diabetes of all ethnic groups were combined, logistic regression analysis showed that age, race (AA), BMI (or waist), and S I were significantly associated with hypertension (Table 2 ). Fasting insulin was significantly associated with hypertension only when S I was not included in the logistic regression models. The interaction term between S I and ethnicity was not statistically significant (Pϭ0.94), but when each ethnic group was analyzed separately, insulin resistance was significantly associated with hypertension in NHW and H, but not AA (Figure 3 ). 
Insulinemia, Insulin Resistance, and Blood Pressure in Subjects Without Diabetes
Because some antihypertensive drugs can affect insulin sensitivity, the relation of insulinemia and insulin resistance with BP was examined in subjects without diabetes not receiving medications (nϭ773). SBP, DBP, and MBP correlated significantly with fasting insulin and S I before and after adjusting for age, sex, BMI, and waist (Table 3) . When each ethnic group was considered separately, SBP, DBP, and MBP correlated significantly with fasting insulin and S I in NHW and H, but not in AA before and after adjusting for age, sex, BMI, and waist ( Figure 4 ). Linear regression showed that age, male sex, BMI (or waist), fasting glucose, and S I were significant determinants of MBP (Table 4) . When both S I and fasting insulin were included in the same model, S I but not insulin was significantly associated with MBP. The interaction term between S I and ethnicity was not statistically significant (Pϭ0.78), but when each ethnic group was analyzed separately, S I was significantly associated with MBP in H, but not in NHW or AA (Figure 4 ). Figure 5 shows the estimated change in MBP in relation to insulin sensitivity as predicted from a linear regression equation, adjusting for age, sex, BMI, and waist.
Insulinemia, Insulin Resistance, and Hypertension in Subjects With Diabetes
Hypertensive subjects with diabetes were older and more obese and had higher fasting glucose than their normotensive counterparts. There was no significant difference, however, between normotensive and hypertensive subjects in waist, 2-hour post-load glucose, insulinemia, or S I (Table 5 ). Hypertension was not related to fasting insulinemia or S I in any of the 3 ethnic groups, before and after adjusting for age, sex, BMI, and waist. When all subjects with diabetes were combined, logistic regression showed that age, race (AA), and BMI, but not insulinemia or S I were significantly associated with hypertension (Table 6 ).
Discussion
The association between insulin resistance and insulinemia and hypertension is controversial. Whereas some studies reported that insulin resistance and/or hyperinsulinemia were strongly related to hypertension, others show only a weak or even no association. Our data add some insights and show that insulin resistance is at most a modest determinant of hypertension and BP. This effect was not mediated by insulinemia, which was significantly related to hypertension only when S I was not included in the regression models. In addition, neither insulin resistance nor insulinemia was significantly related to hypertension or BP in patients with diabetes after controlling for age, sex, and obesity. Our data show that an increase in insulin resistance from the lowest to the highest quartile of the distribution in NHW and H was associated with a 70% higher likelihood of having hypertension, an effect that was similar to a 10-year increase in age. It is to be noted, however, that several antihypertensive medications could worsen insulin resistance 33 and that we could not estimate the effect of drugs because of the cross-sectional nature of the study. Furthermore, the number of hypertensive subjects (Ϸ7%) not receiving medications was too small to allow analyzing their data separately. Nonetheless, S I was weakly associated with BP in Hispanic and NHW subjects without diabetes not receiving antihypertensive medications, explaining 2% to 4% of its variance. Figure 5 shows that a decrease in S I of 2 U (equivalent to change from 20 to 80 percentile of the population) was associated with a 1.2-mm Hg increase in MBP in NHW and H.
The relation between insulinemia and/or insulin resistance and BP appears to vary among ethnic groups. Nearly all studies showing a strong association between insulin and BP were conducted among NHW. Studies in African Americans, 10, 19, 26 Hispanics, 16 Nauruans, Pima Indians, 15, 25 and Asian Indians 18 showed a weak or no association. Even among NHW, the association between insulinemia and BP was inconsistent with some studies reporting a weak or insignificant relationship. 17, 19 Similarly, when insulin resistance was directly measured, the findings were discrepant. Pooled European data showed a weak but significant association between insulin resistance and BP. 7 Saad et al 25 found insulin resistance and BP to be related in NHW, but not in AA or Pima Indians. Falkner et al 26 described insulin resistance in young hypertensive AA men. Mattiasson et al 27 showed that insulin resistance and BP were related only in postmeno- Abbreviations are defined in the text. *Could be replaced with minimum waist without a change in the strength of the model; a 1-cm increase in minimum waist was associated with an odds ratio of 1.03 (Cl:1.01-1.04; PϽ0.001).
†Analyzed after log transformation of "S I ϩ1" to circumvent the zero values and to normalize the distribution; the interaction term between S I and ethnicity was not significant.
pausal NHW women with IGT, but not in those with NGT. Our data unfortunately add to the confusion. We found S I to be related to hypertension and BP in H and NHW without diabetes, but not in AA.
The mechanism through which insulin resistance is associated with hypertension and BP is not known. It is thought that insulin resistance could cause hypertension through compensatory hyperinsulinemia. 3 Insulin has been shown to stimulate the sympathetic nervous system, increase renal sodium retention, modulate cation transport, and induce hypertrophy of vascular smooth muscle (reviewed in 4). Our data do not support this notion, however, because insulin was not independently related to hypertension or BP. In addition, acute insulin infusion was found to have a vasodilator hypotensive and not a hypertensive effect. 5, 6 It has been known for years that insulin could lower BP substantially in patients with diabetes with autonomic neuropathy. 34 Moreover, administration of insulin to individuals without 35 and with 36 diabetes does not cause a rise in BP in absence of hypoglycemia. It is plausible, however, that it is the resistance to the vasodilator effect of insulin that could lead to a rise in BP. In addition, insulin resistance has been associated with impaired endothelium-dependent vasodilatation, 37 which could contribute to increased BP. Alternatively, the association between insulin resistance and hypertension may not be causal. Instead, they may be linked indirectly through mechanisms of an inherited or acquired nature. A possible link is through the sympathetic nervous system. Enhanced adrenergic tone may lead to increased insulin resistance on the one hand and a rise in BP on the other. Ethnic or racial differences in sympathetic nervous system activity might explain the differences in the relation of insulin resistance to BP. Increased levels of inflammatory markers such as tumor necrosis factor-␣ could contribute to both insulin resistance and endothelial dysfunction 37 and underlie the link between insulin resistance and hypertension. A further possibility is that a cellular or structural defect, genetic or acquired, may constitute the link between insulin resistance and BP. Reduced activity of sodium-potassium ATPase, decreased intracellular magnesium, and increased sodium-lithium countertransport have been proposed as possible links. Racial differences in ion regulation have been described and could account for the observed variation in the relation of insulin resistance to BP. 38 Figure 5 . The relation between MBP and S I in the 3 ethnic groups as predicted from regression equations that included age, sex, BMI, and waist in subjects without diabetes not receiving antihypertensive medications in the 3 ethnic groups analyzed separately (the means of age, BMI, and waist and male sex were used). †BMI and minimum waist were not included in the same model because they were highly correlated (rϭ0.78), BMI could be replaced by minimum waist without a change in the model strength (Bϭ0.08, partial R 2 ϭ0.008). ‡Analyzed after log transformation of S I ϩ1 to circumvent the zero values and to normalize the distribution; the interaction term between S I and ethnicity was not significant.
Our data show that neither insulin resistance nor insulinemia was related to hypertension in patients with diabetes of any ethnic group. This is in agreement with those of Bonora et al 39 who found no difference in insulin sensitivity between normotensive and hypertensive patients with diabetes. Laakso et al 40 reported similar data in obese subjects with diabetes, but found lean hypertensive patients with diabetes more insulin resistant than normotensive counterparts. This latter study included only, however, a small number of lean subjects with diabetes (11 hypertensive and 6 normotensive). Thus, insulin resistance does not appear to be a feature of hypertension in subjects with type 2 diabetes.
Perspectives
The current study shows that insulin resistance, but not insulinemia, was weakly but significantly related to hypertension and BP in subjects without diabetes. This weak association argues against a major role for insulin resistance in the regulation of blood pressure or pathogenesis of hypertension. This is especially true in individuals with type 2 diabetes in whom neither insulin resistance nor insulinemia were related to hypertension or BP. Abbreviations are defined in the text. *Minimum waist was not a significant predictor of hypertension in subjects with diabetes.
